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ABSTRACT 
In order to ensure a minimum strength for the low density 
fibrous tiles to be used in the thermal protection system of the 
Space Shuttle an NDE test that uses sonic velocity measurements to 
predict strength has been developed. The empirical correlation 
between strength and sonic velocity which is the basis of this 
test, is shown to be consistent with a previously developed micro-
mechanical model. The model is reviewed and is shown to describe 
the fracture behavior of these fibrous materials regardless of 
their density or testing direction. Measurement of the density 
and sonic velocity in these materials allows Young's modulus to be 
calculated and as low modulus materials tend to have low fracture 
toughness and strength, they can be eliminated by this test. 
Appropriate accept/reject criteria can be developed statisti-
cally from the strength or fracture toughness correlations but for 
use in design, other factors such as the size-dependence of 
strength, the stress fields encountered during flight, and the 
property variations within tiles should also be incorporated. 
INTRODUCTION 
The thermal protection system of the current Space Shuttle is 
based primarily on low density tiles. These tiles, which are of 
two different densities*, are made from high purity, amorphous 
silica fibers with diameters in the range 1 to 4 ~m, as shown in 
Fig. 1. The major role of the tiles is to protect the underlying 
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Fig. 1. Comparison of microstructures for (a) LI 900 and 
(b) LI 2200. The LI 2200 has a small volume fraction 
of SiC particles, such as indicated, which are 
present to reduce radiative heat transfer. These 
particles are not present in LI 900. 
airframe from the high temperatures associated with re-entry. 
Therefore, the initial development of the tiles emphasized low 
thermal conductivity, high temperature capability, thermal shock 
resistance, and low density (to reduce payload requirements).1-2 
In the design of the thermal protection system, however, it was 
found that the tiles must also withstand a variety of structural 
stresses during f1ight. 3 It was critical, therefore, that tech-
niques of ensuring a minimum strength were established. Prior to 
the first flight such a procedure became critical, upon the real-
ization that the tile system could have strengths below the design 
stresses, which were constantly being refined. In order to ensure 
reliability, overload proof testing was introduced with acoustic 
emission to detect subcritical crack growth. 4 Fracture mechanics 
analysis of the proof testing established that the procedure would 
ensure the desired minimum strengths. 5 ,6 Concurrent with the 
proof testing, a method was also introduced to increase the 
strength of the tile system. It had been recognized that the 
strength of the tile system was less than that of the tile itself 
because of a stress concentration at the interface where the tile 
is bonded to a felt pad.7 The system was strengthened by "densi-
fying" the tile surface with a slurry containing colloidal silica 
and silica particles prior to bonding. 8 Although this improvement 
*Manufactured by Lockeed Missiles and Space Co., Sunnyvale, California. 
LI 900 and LI 2200 have densities 144 and 352 kg/m3 respectively. 
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in the strength of the system greatly increased reliability it was 
still necessary to ensure a minimum strength as these brittle 
materials possess wide strength distributions. In a thermal 
protection system containing more than 30,000 tiles it is clearly 
important to have very low failure probability. Unfortunately, 
the higher strength system cannot be easily proof tested,4 so an 
alternative technique was needed. The technique that was intro-
duced was based on an empirical correlation between the sonic 
velocity in a tile and its strength. 9 In this way, a nondestruc-
tive technique (measurement of sonic velocity) could be used to 
predict strength. The details of the sonic velocity testing are 
described elsewhere. 4 ,9,IO 
The aim of this paper is to review a micromechanical model 
that has been developed to describe the fracture behavior of these 
low density, fibrous materials. ll It will be shown how this leads 
to an understanding of the empirical correlation between strength 
and sonic velocity and to the development of appropriate 
accept/reject criteria. 
MICROMECHANICAL MODEL 
As illustrated in Fig. 1, the microstructure of these low 
density fibrous materials is rather complex, but it has been found 
that a simple model,ll one which considers the fibers to lie only 
in the three principal (elastic) directions, is a powerful tool 
for understanding their fracture behavior. An example of the 
model is shown in Fig. 2. The fabrication of the silica tiles 
gives rise to a preferred orientation of the fibers, such that 
there are more fibers in the (isotropic) horizontal plane (Xl, x2) 
than there are in the vertical (x3) direction. This transverse 
isotropy will be reflected in the model by larger spacings for 
fibers that run in the X3 direction compared with equally-spaced 
XI/X2 direction fibers. The strength of the tiles is also higher 
in these latter directions. In this paper the X3 and xI/x2 direc-
tions are referred to as the weak and strong directions respec-
tively. The stress analysis of the model indicated that there is 
a relationship between the critical stress intensity factor (Kc) 
for a principal direction and the static Young's modulus (E) in 
that direction,ll i.e., 
(1) 
where A is a constant that depends on the apparent strength, 
apparent Young's modulus and radius of the fibers. The terms 
apparent strength and apparent Young's modulus are used to reflect 
the abstraction of the real microstructures that is used in the 
model. The real fibers have a distribution of orientations about 
the principal directions and are discontinuous. In the model, 
these have been replaced by imaginary continuous fibers that run 
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Fig. 2. Example of a possible unit cell used in the analysis of 
the micromechanical model (Reference 11). 
only in the three principal directions. The strength and Young's 
modulus values used in the model are expected to be related to the 
properties of the real fibers but must also include factors such 
as the amount of interfiber bonding and their true orientati.on. 
In the model, cracks are viewed as a series of broken fibers and 
the condition for crack extension was found to depend on fiber 
spacing. II In qualitative terms, the smaller the fiber spacing in 
a given direction, the more fibers have to be broken per unit area 
of crack extension (increases Kc) and the more fibers are avail-
able to support the applied stresses (increases E). In order to 
verify Eq. (1), K~ and E have been measured for both the LI 900 
and LI 2200 mater~als.II,12 
The correlation between Kc and E is shown in Fig. 3 and in-
cludes a correction that is needed to determine the value of E 
from the dynamic sonic velocity measurements. 12 The difference 
between the dynamic and static values of Young's modulus for these 
materials is thought to be as result of nonbonded fibers being 
present in the microstructure.1 2 Figure 3 combines the data for 
LI 900 (weak direction) and LI 2200 (weak and strong direc-
tions). It was found, therefore, that both types of tile material 
can be fitted to a common line, and using linear regression, the 
slope was determined to be 0.75 (95% confidence limits ± 0.02), in 
excellent agreement with the model. The data in Fig. 3 indicate 
that Kc is rather variable for these materials and in terms of the 
model, reflects microstructural variations such as fiber density. 
It is clear that there is considerable scatter about the linear 
regression line in Fig. 3 and this probably reflects the idealiza-
tions used in formulating the model. 
The results of the analysis of the model are useful in several 
ways. For example, Eq. (1) indicates techniques that can be used 
to improve these types of materials or to design materials with 
NDE OF LOW DENSITY FIBROUS CERAMICS 
3.60 
3.20 
~ 
e; 
2.80 
'" c.. :. 
u 
~ 
z 2.40 ...J 
2.00 
3.20 
+ 
+ 
+ 
+ 
3.60 4.00 4.40 
LN ES (MPa) 
+ 
+ 
5.20 5.60 
Fig. 3. Correlation between static Young's modulus and Kc for 
LI 900 and LI 2200 materials. 
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particular properties. 11 It has also been shown that the model 
can be extended to describe the subcritical crack growth that 
occurs in these fibrous materials. In particular, it was shown 
that the time-dependent crack growth in the fibrous materials is 
simply related to that of the bulk glass from which the fibers are 
made. 13 Finally, Eq. (1) also serves as a basis for the nondes-
tructive sonic velocity testing and will be discussed in the next 
section. An alternative model has been presented by Alers and 
ZimmermanlO but their analysis predicts a different relationship 
between strength and sonic velocity than presented here. 
SONIC VELOCITY TESTING 
As the sonic velocity within a material is related to its 
elastic constants, the data in Fig. 3 can be used to predict Kc ' 
For example, the static values of Young's modulus in the strong 
and weak directions (EI and E3) are related to the longtitudinal 
sonic velocities (VI and V3) byI2 
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(2) 
where p is density, v is Poisson's ratio and B is a constant that 
corrects the dynamic measurements to their static values. There-
fore, measurement of density and sonic velocity allows the ex-
pected value of Kc to be predicted using the established data of 
Fig. 3 or from Eqs. (1) and (2). In materials like LI 900 or LI 
2200 where Kc is variable, the measurement of sonic velocity al-
lows materials with low Kc to be identified and can, therefore, 
act as a nondestructive quality control process. Moreover, be-
cause there is also some variability in the density of these 
materials, the NDE should include the measurement of density. 
Using the fracture mechanics relationship between strength 
(of) and Kc ' i.e., Kc = YOflI: where Y is a constant that depends 
on the crack geometry and the loading and t is a characteristic 
crack dimension, Eq. (1) can be rewritten as 
AE3/ 4 0=-----
f Yt1/2 
(3) 
Therefore, if the flaw size could be measured, in addition to p 
and Vi or v3, then strength could be predicted. Unfortunately, no 
NDE technique is available to measure ! but a correlation between 
of and E could still exist. Figure 4 shows the correlation be-
tween of and E for LI 900 and LI 2200 and linear regression gives 
a slope of 0.70 (standard deviation 0.02), which is still consis-
tent with the model. Moreover, the scatter of data about a linear 
regression is only slightly larger than that found in Fig. 3. 
This indicates that for these materials, the variability in 
strength is controlled mainly by the variability in Kc and hence 
E. Estimation of the flaw size from Eqs. (1) and (3) show that t 
is approximately the same for both materials. Clearly, the data 
in Fig. 4 has considerable scatter about the regression line so 
that the accept/reject criteria need to be developed using statis-
tical analysis. This has been done for both the LI 900 and LI 
2200 materials individually,14,15 but as indicated in this work 
both materials can be analyzed together as a single class. It 
should be remembered that although the sonic velocity measurements 
can be used to predict strength, the method does not necessarily 
identify materials with unusually large flaw sizes. This would 
require a further supportive test. 
STATISTICAL STRENGTH VARIATIONS 
The strength variability of brittle materials is generally 
considered in terms of their flaw size distribution. For example, 
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Fig. 4. Correlation between static Young's modulus and strength 
for LI 900 and LI 2200 materials. Data courtesy of Space 
Transportation and Systems Group, Rockwell International. 
strength distributions can be analyzed using a Wei bull ap-
proach. 16 Table 1 gives the values of the strength distribution 
parameters for LI 900 and LI 2200 from 
m 
o ( -.f) 
o 
o 
(4) 
where m and 0 0 are the empirically established constants and F is 
the failure probability. The establishment of the flaw size 
distribution is important in design as the strength of the 
material will depend on the probability of finding a flaw of a 
given size. For example, the strength will depend on the mode of 
stressing and the specimen size. It has been shown for LI 2200 
that the tensile strength depends on specimen size as given in 
Table 2.12 It is worth noting that the Weibull analysis for 
failure from volume flaws gives the dependence between strength 
and specimen size as 16 
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( 5) 
where 01 and 02 are average strength of samples with volumes VI 
and V2 resectively. Using the data in Tables 1 and 2, it is 
straightforward to show that the size dependence of tensile 
strength for Ll 2200 is consisent with Eq. (5). 
Table 1. Tensile Strength Distribution Parameters 
(Weibull)t 
-* Material Testing Direction of 00 
(kPa) (kPa) 
Ll 900 Weak 163 176 
Ll 2200 Weak 488 523 
*Mean strength 
tSpecimen size 25 x 25 x 25 mm 
Table 2. Effect of Specimen Size on Mean 
Tensile Strength of Ll 2200 
(Weak Direction) 
Specimen Volume Average Strength 
(mm3 ) (kPa) 
16400 488 
39400 426 
65500 369 
m 
5.6 
6.0 
From earlier discussion, however, it is clear that the 
strength variability for these fibrous materials also depends on 
the variability in Kc. This variation in Kc is related to the 
processing of these materials in that K not only varies from one 
production unit to another but also varIes within a production 
unit. For example, Table 3 shows of and K data for two produc-
tion units which were cut into horizontal layers prior to testing. 
The cause of these nonuniformities in the processing of these 
materials is beyond the scope of this paper but it is important to 
note that such variations do exist. In particular, it is 
important to realize that the strength behavior of tiles on the 
Shuttle, which are subjected to nonuniform stresses and are glazed 
in addition to the material variability mentioned here, becomes a 
complex design problem. 
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Table 3. Tensile Strength and Critical Stress Intensity 
Factor Variability for LI 2200 (Weak) 
659 
O'f Kc Number of Specimen 
(kPa) (kPa.m l / 2) (O'f/Kc) 
PRODUCTION UNIT 1 
Upper Layer 472 (86) 33.8 (l.9) 19/20 
Lower Layer 422 (43) 26.0 (1.6) 21/19 
PRODUCTION UNIT 2 
Upper Layer 637 (55) - 47/-
Upper Middle Layer 561 (51) - 41/-
Lower Middle Layer 524 (47) - 49/-
Lower Layer 479 (32) - 46/-
Brackets indicate standard deviation 
CONCLUSIONS 
The fracture behavior of the fibrous silica materials used in 
the thermal protection system of the Space Shuttle was shown to be 
consistent with a previously developed micromechanical model. The 
agreement with the model was found regardless of the density of 
the material or the testing direction. In addition to providing 
insight into the microstructural and material variables that con-
trol the fracture process, the model also serves as a basis for 
the nondestructive evaluation of these materials. It was shown 
that the empirical correlation between strength and sonic velocity 
is a result of the variability in Young's modulus and fracture 
toughness of these materials. In terms of the model, this varia-
bility is a result of microstructural variations such as fiber 
density. In order to predict strength or fracture toughness of 
these materials, the model indicates that density as well as sonic 
velocity should be measured. This NDE approach does not neces-
sarily identify materials with large flaw sizes but rather with 
low fracture toughness. Fortunately, in the materials tested it 
was found that the fracture toughness variation is apparently more 
important in controlling strength than the flaw size distribution. 
In order to develop accept/reject criteria based on the sonic 
velocity testing, the scatter about the correlations has to be 
analyzed statistically. In addition, the statistical strength 
variations such as the influence of tile size on strength should 
be incorporated into the analysis. Preliminary calculations show 
that the size effect for LI 2200 can be analyzed using Weibull 
statistics but that material variability produced during process-
ing and other factors such as, the complex stress fields 
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encountered during flight and the influence of the glaze on the 
strength of the tiles, need to be better understood. 
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